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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
The demand for an increase in flexible operation of power plants provides a key challenge. Solutions for new components as
well as for units in operation have to be developed to safely all w for more load cycles and faster start-up times. One way to
realize this is to improve the lifetime assessme t methods by reducing implied conservatisms. The presented work focuses on the
description of notch support effects at elevated temperatures for the LCF-regime. At first, a tailored experimental set-up using
notched round-bars is introduced. Those tests are performed under global strain control and are equipped with an Alternating
Current Potential Drop (ACPD) measurement system. The experimental results show that the crack growth phase up to a so called
”technical crack size” is of major relevance to describe notch support effects. That is why within the second part of this paper, a
concept is introduced to consider this early crack growth phase within a lifetime assessment approach. Within this concept, fracture
mechanical parameters are determined by applying a novel energy-based Finite Element approach. Suggestions are presented to
define proper values of the cyclic J-Integral as well as of the amount of Plasticity Induced Crack Closure (PICC). Finally, the
concept is applied and validated by comparing the simulation approach with the experimental results.
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1. Introduction
Notches are by design inevitable in most engineering structures and the resulting stress-raisers are a typical source
for fatigue issues. Improving lifetime prediction methods for such locations are of great interest to avoid unplanned
component failure as well as unnecessarily short inspection intervals. The type of loading acting on structures can
vary from High-Cycle-Fatigue (HCF), dominated by elastic stresses and a large number of cycles > 107, to Low-
Cycle-Fatigue (LCF), with high elastic-plastic stresses and cycles to crack initiation in the range of 10,000. The focus
of the work presented in this paper is related to LCF from thermal-stress induced loading.
The local concept is typically applied in many engineering methods, i.e. an equivalent stress or strain is determined
locally at a component notch-root and compared with test data derived from smooth specimen. To obtain the LCF test
data, strain controlled experiments with standardized smooth specimens are carried out until crack initiation. Here,
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crack initiation is often defined as a load drop of 1.5% or 5%, which is implicitly related to common crack depths of
0.5 mm to 1.0 mm as outlined e.g. by Berger and Scholz (2005).
Again, when applying this local concept, one compares a smooth specimen to a component notch-root with the
same local loading. This approach can be considered as conservative and two conclusions can be drawn. 1) Due to
the stress/strain gradient, cracks will propagate into lower stress fields which will positively affect the cycles until a
certain crack depth is reached. 2) Thus, the number of cycles for ”crack initiation” at notches strongly depends on the
crack depth which is chosen as the criterion for initiation.
That is why, in the first part of this paper, the influence of a stress/strain gradient on the number of cycles up to
specific crack depths under LCF-loading is discussed by providing results of a systematic experimental study. Since
the experimentally obtained parameters cover only a fraction of conditions being relevant for practical applications,
the observed Early Crack Growth Motivated (ECGM) load cycle difference is further assessed by developing and
applying a novel FEM-based fracture mechanics concept. This concept is discussed in the second part of the paper.
Here, suggestions are made and results are presented for the simulation of transient crack closure in notches as well
as for an adequate determination of a fracture mechanical parameter which characterizes the crack driving force for
cracks in notches under cyclic elastic-plastic loading.
Nomenclature
a Crack Depth
A Crack Surface
F Global Force
∆J Cyclic interpretation of the J-Integral
Kt,I Notch Factor based on first principal stress
N Number of Load Cycles
R Cycle Ratio
T Temperature
U Global Displacement
Wext Work of External Forces
Wint Internal Strain Energy
∆eff Strain Range during the crack is open
∆eq Equivalent Strain Range using the common von Mises convention
∆glob Global (Controlled) Strain Range at the side-contact extensometer
∆loc Strain Range at the notch-root
χ∗I Normed Stress Gradient based on first principal stress
( )MC,1.5% Manson Coffin crack initiation relation identified on smooth specimens at 1.5% Load Drop
2. Experimental Work
2.1. Material and Experimental Set-up
All experiments have been carried out on a modern heat resistant steel with 10%-Chromium content. Table 1
provides an overview of the chemical composition of the material. The tests are performed at a constant temperature
of 600oC, which represents a typical application temperature of that material. The strain rates are chosen to be large
enough to prevent significant creep effects as a first investigation step.
The general experimental set-up is illustrated in Figure 1(a). For all tests which are discussed in this paper notched
round-bars with two different notch factors, resp. stress/strain gradients, are used. Figure 1(a) and Figure 2(a) illustrate
the specimen geometry with a total length of 85 mm and a minimum diameter of 8 mm in the root of the notch. All
tests are performed under global strain control, i.e. the displacement range over a reference distance above the notch-
root is controlled. This experimental set-up has been selected since it mimics well the thermal induced stresses, which
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Table 1. Chemical composition and state of heat treatment, mass values in %
C Cr Mo W Ni V Nb N
X12CrMoWVNbN10-1-1 0.12 10.0 1.0 1.0 0.8 0.2 0.05 0.05
Heat Treatment: 1050oC 7h/oil + 570oC 7h/air + 690oC 10h/air
Fig. 1. (a) Experimental set-up; (b) Results of early crack growth measurement for two different specimen geometries with same local strain loading
(orange). The black line indicates the load cycle result of a common Manson-Coffin relation for this material and temperature based on a load drop
of 1.5% and smooth strain controlled standard LCF-specimens.
are by nature displacement controlled rather than force controlled. As a draw-back of this set-up the local stress/strain-
fields at the notch-root have to be determined for instance by FEM-simulations. Here a deformation plasticity material
model for the midlife cycle is used as the elastic-plastic material description. For validation purposes, an additional
Miniature-Extensometer measurement system with a reference length of ≈ 0.4 mm has been applied at the notch-root.
A triangular loading sequence without hold-times, a strain ratio of R = −1 and a strain rate of ˙eq,loc = 6%/min are
chosen as the loading parameters. Furthermore, an Alternating Current Potential Drop (ACPD) measurement system
has been used to measure the crack depth as a function of load cycles. A common linear correlation between the
potential drop signal and the developed crack surface, which is measured for calibration reasons at the end of each
experiment by means of fractography, is used.
Due to the circumferentially notched geometric structure, all cracks produced in the experiments are nearly con-
centric. Slight deviations from axial-symmetry are idealized by determining a concentric average crack depth a. All
of the results discussed from now on are based on this idealized axialsymmetric view of the problem.
2.2. Load Drop Correlation
The measurement of crack depth as a function of the number of cycles a(N) is one major goal of the experimental
work. The ACPD-measurement relies on a linear relation of crack-surface to electric potential signal. For verification
purposes, a second method using the load drop information has been developed and applied also to determine the
crack depth as a function of cycles. The approach is similar to an idea recently published by Brommesson et al. (2015)
but uses a less complex material model.
The general FEM-assisted procedure is illustrated in Figure 2. The global strain control is realized within the FE-
model by controlling the force load with a User-Subroutine based on monitoring the axial deformation of a sensor
node, whose location corresponds with the side-contact extensometer position. A Ramberg-Osgood relation for the
midlife cycle has been selected as the material model. Berger et al. (2008) have shown that the investigated 10%-
Chromium steel shows a typical Masing behavior. To catch this phenomenon, the Ramberg-Osgood relation has been
doubled here to simulate the hysteresis branch directly.
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Fig. 2. (a) Finite Element set-up; (b) Sketch of Load Drop Correlation scheme; (b1) Simulated Load Drop as a function of crack depth; (b2)
Measured Load Drop as a function of load cycles; (b3) Combination of (b1) and (b2) leads to crack depth as a function of load cycles
Considering several crack depths, a monotonic loading from zero up to the target extensometer strain range is
applied and the required force is determined within the simulation. To realize different crack depths, the symmetry
boundary conditions are simply deactivated similar to a classical node release approach. By normalizing the deter-
mined force values with the force value at a = 0 mm a relation of the theoretically expected load drop as a function of
crack depth is obtained (Figure 2, (b1)). Combining this information together with the measured load drop vs. cycle
function, which is directly available from the experimental set-up (Figure 2, (b2)), leads to a crack depth vs. cycle
relation (Figure 2, (b3)) that can be compared with ACPD-measurements.
The result of this approach is represented by the orange lines in Figure 1(b). A good agreement between the load
drop correlation approach and the ACPD-measurement is observed. It should be mentioned that both methods are
based on independent input-values. This good agreement leads to the conclusion that the load drop observed at the
end of each experiment can be quantitatively related to macroscopic crack evolution.
2.3. Major Findings
The early crack growth results of two specimens with the same local notch-root loading but different notch factors
and consequently different stress/strain gradients are shown in Figure 1(b). Furthermore the standard crack initiation
result is shown as a reference, represented by the black vertical line. The number of cycles which is represented by
this black line is based on an average fit of strain controlled smooth specimen test data at a load drop of 1.5%. Due
to the generally small amount of observed crack growth cycles after initiation, caused by the constant stress-field of
those smooth specimens, this result is represented by a vertical line.
As a important result for the notched specimens shown in Figure 1(b) significantly different crack growth rates
up to technical crack depths of 1 mm and higher are observed depending on the stress/strain gradient. The same
general trend has been observed on all experiments of that type. Thus, one significant aspect of notch support can be
explained by a reduced early crack propagation rate caused by a decreasing stress field which is more pronounced
for large stress/strain gradients. A second important aspect of notch support is related to the criterion used for ”crack
initiation”. Defining a criterion close to small crack depths of approx. 0.2 mm compared to criteria of 1.0 mm to
1.5 mm leads to significantly different load cycles. In other words, the ECGM notch support is a function of the target
crack depth for ”initiation”.
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A method being able to predict the early crack propagation behavior by means of a fracture mechanics approach
would allow to transfer this experimentally observed notch support effect to engineering structures. Such a concept
will be discussed in detail within the second part of this paper.
Beside this ECGM notch support, for the specimen with the larger stress concentration factor of Kt,I = 2.8, a
positive number of cycle difference up-to crack depths of 0.2 mm can be clearly observed in Figure 1(b) as well.
This additional positive effect is not considered within the scope of this paper and is conservatively ignored. Here,
ECGM notch support in terms of differences in cycles compared to smooth specimens are evaluated for crack depths
a > 0.2 mm exclusively. The results discussed in this paper represent therefore a lower bound estimation.
3. Fracture Mechanics Approach
The goal of the following subsections is to reproduce the measured crack growth trends by means of a fracture
mechanics concept. Besides applying and determining appropriate fracture mechanical parameters, the treatment of
crack closure is of particular importance. These points as well as major constraints regarding the practical applicability
lead to the following general boundary conditions for the developed concept:
• No limitation on standard analytical formulations of crack closure with generally limited application range
• No limitation on standard analytical fracture mechanical models with generally limited application range
• No usage or creation of crack-, load-, geometry-dependent fitting functions due to limited transferability
• The concept shall generally not violate physically motivated application limits
• The concept shall require already available and practically established material models and data only
One way of considering all these constraints is by using the FEM exclusively in order to work with real structures
and crack shapes for both the values for crack closure and for an appropriate fracture mechanical parameter. That
is why in the following subsection a method is described to simulate Plasticity Induced Crack Closure (PICC) for
the given boundary conditions. The simulation results are compared with experimental results. For the experiments,
crack closure is measured by applying the classical compliance technique following e.g. Donald and Phillips (1999).
In the second subsection, the effective values of the cyclic interpreted J-Integral (∆Jeff) are determined by means
of FEM as well. Due to the fact that the plastic zone sizes can generally not be neglected, theories of elastic-plastic
fracture mechanics have to be applied. For these so called mechanically short cracks, ∆Jeff has been utilized to describe
the crack driving force. The authors are aware of the controversial discussions in the literature about the validity of
this parameter. A new FEM-based and energy interpreted approach is therefore used in order to provide a further
contribution regarding the general applicability of the here determined values of ∆Jeff.
3.1. FEM-based Crack Closure
Whenever the term ”crack closure” is used in this paper, PICC is exclusively meant. Other forms of crack closure
like oxidation assisted crack closure are not considered so far.
Following the pioneering work of Elber (1970), the plastic wake which is developed during crack propagation is
the cause for plasticity induced crack closure. This plastic wake has to be formed during the numerical simulation too.
Thus, such a simulation strictly requires a calculation of sequentially following elastic-plastic cycles with sufficiently
small crack increments. An accurate numerical simulation of crack closure is still an open field of research. Due to
the fact that this study is not focused exclusively on developing a numerical crack closure procedure, the authors here
targeted on identifying an appropriate and robust numerical set-up.
Generally, the FE-Model shown in Figure 2(a) is used, adding a rigid surface to realize contact at the axial-
symmetry plane. Since all geometries considered in this study are notched, no saturated values of opening or closure
loads are to be expected due to the stress/strain gradients. Instead, a transient crack closure behavior or a dependency
of the crack opening and closure loads on the crack depth is expected, which will be shown later on.
A discussion of major relevant PICC affecting parameters can be found in Antunes and Rodrigues (2008) and
Cochran (2009) for instance. The challenge of creating mesh size insensitive results is a major issue when perform-
ing numerical PICC simulations. Following Cochran et al. (2011) mesh sensitivity can be reduced by reducing the
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material sensitivity to produce strain ratcheting. To minimize strain ratcheting effects, a bilinear kinematic hardening
formulation with a moderate hardening behavior is chosen, which has been fitted to the midlife stress-strain curve of
the investigated material. Furthermore, two cycles are considered between one node release in order to sufficiently
stabilize the equation system as it is suggested e.g. by Pommier and Bompard (2000) and de Matos and Nowell
(2008). As several authors, e.g. McClung et al. (1991) and Park et al. (1997) suggest, the node release is realized at
the minimum load of the cycle due to numerical stability reasons.
To avoid the typical saw tooth pattern for the elements, where a node release is potentially performed, two measures
discussed e.g. by Andersson et al. (2004) are realized. Firstly, an element edge ratio of 2:1 (axial:tangential) is used
for the element row directly at the symmetry line. Secondly, 4-node fully integrated elements are used exclusively.
The detailed results of the PICC-simulation will be part of section 4. Besides the results of crack opening and
closure as a function of crack depth, the overall elastic-plastic response of the structure is now available for different
crack depths, which is utilized in the next subsection for the development of a novel approach of determining the
cyclic-effective J-Integral.
3.2. FEM-based ∆J
The general idea for the introduced approach is based on a suggestion from Dowling and Iyyer (1987). These
authors stated that a cyclic interpreted J-integral can be determined by using already available analytical equations for
the J-Integral, but inserting peak to peak values instead of zero to peak values for stresses and strains. Based on this
approach, Vormwald (1989) has formulated a concept to describe the growth of mechanically short cracks analytically.
Dankert (1999) has extended this approach to describe the growth of mechanically short cracks under variable stress
fields. However, all these approaches utilize analytical formulations of the cyclic effective J-Integral.
The challenge is to determine reliable FEM-based values and preferably use the already determined stress/strain-
results from the previously performed PICC-simulation.
Following the well-known works of Griffith (1920) and Irwin (1957), the J-Integral for monotonic loading under
linear-elasticity can be interpreted as the difference in internal energy between two crack states with same global
displacement load but different crack depths a and a + ∆a for ∆a → 0. Rice (1986) demonstrated, that this holds for
an elastically nonlinear material following the theory of deformation plasticity as well. An application of the previous
cyclic interpretation logic allows to create the cyclic version of this energy release expression by using the peak to
peak values of the global forces and displacements to determine the internal energy values.
Defining these peak to peak values for the un-loading hysteresis branch as ∆(F,U) = (F,U)max − (F,U) or for
the loading branch as ∆(F,U) = (F,U) − (F,U)min may lead to a formulation that can be interpreted as the cyclic
J-Integral. By using these new referenced values, here labelled as ”cyclically adjusted”, an expression for the internal
energy differences for identical external displacement time trends resp. the resulting J-integral can then be determined
as follows:
∆Wint,adj =
∫ ∆Umax
0
∆Fa+∆a d∆U −
∫ ∆Umax
0
∆Fa d∆U
∆J = lim
∆a→0
∆Wint,adj
Aa+∆a − Aa
(1)
A detail discussion and the impact of the generated results will be discussed in the next section.
4. Results Discussion
Figure 3 shows the results of applying the introduced approach to the mildly-notched round-bar tests, previously
shown in Figure 1. The energy values are extracted directly from the PICC-simulation but with two additionally sim-
ulated cycles for the state a + ∆a and applying identical external displacement time trends. This additional simulation
effort is required since within the PICC-simulation, the global extensometer strain range is the controlling value. Thus,
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Fig. 3. (a),(c) Definition of new referenced values for global forces and displacements; (b),(d) Trends of energy differences evaluated by using
the above defined forces and displacements for two different crack depths and by using two separate monotonic loading simulations with a direct
hysteresis branch description for the same two crack depths according to Kontermann and Almstedt (2014)
the global deformation load time trend generally differs. Hence, the two extra cycles allow the computation of purely
crack advance related energy differences.
In addition to the difference of the cyclically adjusted internal energies the difference of the work performed by the
external forces ∆Wext is shown in the figures as well. The dashed lines represent simulation results of the same geom-
etry, boundary and material conditions but by following the method proposed in Kontermann and Almstedt (2014).
Here, no sequence of calculations has been carried out to form the plastic wake. Simple consecutive calculations for
two crack states with identical monotonic deformation loading trends are made instead and compared with each other.
Within this simulation, the material model is represented by a Ramberg-Osgood midlife curve including Masing’s
hypothesis of doubling the cyclic stress-strain curve to describe the hysteresis branch directly. This approach does not
violate the validity range of Irwin’s relation and therefore represents an already proven procedure. These results are
labeled therefore with ”Classical Irwin”.
It can be seen in Figure 3(b) that the trend is almost identical for both approaches up to the point at which first
crack closure occurs. This point is clearly indicated by the kink in the trend of the external energy difference. The
fact that both trends are identical up to this kink leads to the conclusion that the stress/strain-fields are identical if
one compares a sequentially cyclic elastic-plastic simulation up to a specific crack depth with a simple monotonic
calculation following Masing. Due to the fact that the energy differences are the same, the values of the J-Integral up
to the kink will also be identical. The fact that Irwin’s relation is valid for the ”Classical Irwin”-case and the energy
differences are the same for both approaches up to the kink leads to the conclusion that the resulting ∆J values can
be indeed interpreted physically. Questions regarding the validity of using J as a measure of intensity of the crack tip
field during cyclic elastic-plastic loading are therefore no longer valid to be placed here.
Figure 3(d) shows the resulting strain energy release values for the loading branch. The dashed lines remain un-
changed because the referred consecutive concept is based on monotonic loading only. Looking at the adjusted energy
values it can be observed that in the beginning no energy difference is produced. This indicates the span at which the
crack is closed. The final value of the internal adjusted energy difference (≈ 0.5 N mm) is almost identical compared
to the un-loading branch at the position of the kink resp. at first crack closure. Therefore, the resulting effective ∆J-
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Fig. 4. (a) Cyclic interpreted J-integral as function of crack depth; (b) Fraction of effective strain ranges using measurement data as well as the
results of different numerical crack closure criteria
values will obviously be the same for both branches. One can conclude that for the loading branch, ∆Jeff corresponds
to the final branch value and for the un-loading branch, ∆Jeff is represented by the value at the kink position.
Performing this kind of evaluation for the previously introduced notched round-bar experiment, Figure 4(a) shows
the results for crack depths up to 2 mm. For all analyzed crack depths, the same values of ∆Jeff result for the un-loading
(kink-position) as well as for the loading branch. The dashed line represents the results of the already mentioned
consecutive monotonic loading energy-based (”Classical Irwin”) or domain integral ∆J determination using a doubled
Ramberg-Osgood midlife material model. Those results are not corrected regarding crack closure and differ therefore
significantly compared to the Adjusted-Energy-Approach.
To illustrate the amount of crack closure, Figure 4(b) shows the effective global extensometer strain range fractions
as a function of crack depth in comparison for different evaluation approaches. The dots represent the measured values
by utilizing the already mentioned compliance technique. To relate the cycle for which crack closure is measured to the
crack depth the ACPD-measurement results are used. The thick red line illustrates the effective strain range fraction
by using the difference of global strain at maximum-loading and the strain at the time the kink is observed within the
Adjusted-Energy-Approach:
∆eff,glob(a) = glob,t=Fmax − glob,t=”kink”(a) (2)
Further classical and already proposed criteria available in the literature are evaluated and shown as well. For the
dark-blue line, the crack is closed if the contact force at the axial symmetry plane becomes > 0. The purple and
light-blue lines are node monitoring results. For the purple line, crack closure is defined when the front node at the
crack surface contacts the symmetry plane. For the light-blue line, the node directly behind the crack tip is monitored
related to contact fulfillment.
The already mentioned transient crack closure trend is clearly demonstrated here for both the simulation as well
as for the experimental results. Furthermore for this particular case the closure criteria ”Contact Force” and ”1st
Crack Tip Node” are in good agreement with the ”New Energy Criterion”. Applying the ”Crack Surface Front Node”
criterion will lead to deviating results.
To determine the crack growth rate by means of ∆Jeff, a classical Paris-Law-Fit is used. The Paris coefficients have
been conventionally determined by fatigue crack growth testing using side grooved CT-specimens at RF = 0.1 and
a temperature of 600oC. To identify adequate effective values, crack closure has also been measured by applying the
compliance technique performing global side-contact extensometer measurements during these force controlled tests.
Finally, the introduced fracture mechanical assessment procedure is used to determine the number of cycles which
is required to grow a crack from a = 0.2 mm to a technical design crack depth of a = 1 mm. Hence, the notch support
factor is defined on a cycle basis. Here the number of cycles which is required to reach the design crack depth is
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related to the number of cycles using a standard local concept for LCF:
nNa=1.0 mm =
NMC,1.5% + (Na=1.0 mm − Na=0.2 mm)
NMC,1.5%
(3)
The crack growth start depth of a = 0.2 mm represents a good approximation for an idealized average depth at
1.5%-load-drop for standard smooth LCF-specimens. The exemplarily chosen crack growth end depth of a = 1 mm
is generally adaptable depending on individual design requirements.
This notch support factor is finally evaluated for both the fracture mechanics simulation prediction as well as for
the pure experimentally measured results and illustrated in Figure 5.
Fig. 5. Comparison of notch support factor determined by using experimental measurement results and by carrying out the introduced FEM-based
simulation approach (a) with considering PICC; (b) without considering PICC
Figure 5(a) demonstrates that the fracture mechanics concept is in good agreement with the experimental results. It
needs to be mentioned that no further fitting or model calibration has been performed. All of the results are determined
based on physically founded relations while using fatigue crack growth test results for the same material but for
different specimen sizes, R-ratios etc.. Depending on notch-root loading and stress/strain gradients, a notch support
factor up to 8 is predicted by the introduced concept due to ECGM notch support and could be experimentally verified.
Looking at Figure 5(b) the strong evidence of considering crack closure is underlined. Predicting the early growth
under these circumstances without considering PICC would lead to a huge underestimation of the ECGM notch
support.
5. Conclusions
(1) The correlation of the theoretically expected load drop at specific crack depths is in good agreement with the
ACPD-measurement using a linear potential - crack surface relation. Since this is observed in all tests within this
program, it can be concluded that the load drop observed during the final phase of those kinds of experiments is
quantitatively related to macroscopic crack growth.
(2) ECGM notch support describes the load cycle difference due to different early crack growth rates up to different
target or design crack depths. Therefore, the notch support depends strongly on these ”crack initiation” depth
definitions or, in other words, on the depth defined by the expression ”technical crack size”.
(3) An energy interpretation of the J-Integral according to Griffith and Irwin leads to cyclic interpretable ∆J values
when using adjusted inputs for global forces and displacements. Because those results are fully in accordance
with established monotonic loading results following the laws of deformation plasticity the question of using J
as a measure of intensity of the crack tip field during cyclic elastic-plastic loading is no longer valid here.
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(4) The kink in the energy difference trends allows a definition of a new crack closure criterion which shows no
inherent mesh size dependency and leads to same ∆J values for the loading and the un-loading hysteresis branch.
(5) The introduced fracture mechanics simulation and evaluation procedures are in excellent agreement with the
experimental results regarding the ECGM notch support. The significance of considering transient PICC under
these conditions has been demonstrated.
(6) The proposed method has been validated for the Material X12CrMoWVNbN10-1-1. The introduced general
approaches are in principle transferable to other materials as well. The transferability as well as an extension of
the approach to consider superimposed early creep crack growth are currently under investigation.
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